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We have isolated a heterogeneous collection of human genomic sequences which replicate autonomously
when introduced into human cells. The novel strategy for the isolation of these sequences involved cloning
random human DNA fragments into a defective Epstein-Barr virus vector. This vector alone was unable to
replicate in human cells, but appeared to provide for the nuclear retention of linked DNA. The human
sequences persist in a long-term replication assay (>2 months) in the presence of the viral nuclear retention
sequences. Using a short-term (4-day) assay, we showed that the human sequences are able to replicate in the
absence of all viral sequences. The plasmids bearing human sequences were shown to replicate based on the
persistence of MboI-sensitive plasmid DNA in the long-term assay and the appearance of DpnI-resistant DNA
in the short-term assay. The human sequences were shown to be responsible for the replication activity and may
represent authentic human origins of replication.

The structure of the chromosomal replication origins from
multicellular organisms has not yet been defined. This
knowledge would be basic to an understanding of the cell
division involved in normal growth and development, as well
as disease states such as cancer. A prerequisite to studying
origin of replication structure is the molecular cloning of
such sequences. In this study we describe a novel strategy
that has enabled us to isolate human sequences which
replicate autonomously in human cells.
The strategy of attaching genomic sequences to a select-

able marker and then selecting for autonomous replication
has been used successfully for the isolation of replication
origins in yeasts and procaryotes (see, e.g., references 19,
40, 41, 44, and 45). This approach has not proved successful
for mammalian cells (4). Selecting for an origin of replication
in this manner requires not only that the DNA replicate, but
also that it be maintained in the nucleus as a plasmid. It is
possible that a mammalian origin, although able to mediate
replication, is not able to provide for the extrachromosomal
persistence of a linked plasmid. By contrast, plasmids con-
taining the origin of replication from Epstein-Barr virus
(EBV) can be readily maintained as autonomously replicat-
ing molecules in human cells (6, 7). Therefore, we hypothe-
sized that EBV vectors may contain sequences that provide
for the nuclear retention of DNA as well as replication and
that we could use these viral sequences to help us isolate
human replication origins.

In 1984 Yates et al. reported the isolation of a 1.7-
kilobase-pair (kb) sequence, oriP, from the genome of EBV
which acts in cis to permit linked DNA to replicate in human
cells (46). A viral sequence encoding the Epstein-Barr nu-
clear antigen (EBNA-1) is required to activate replication
from oriP (47). In human cells expressing EBNA-1. vectors
containing oriP replicate stably as unrearranged plasmids
carried at a copy number of approximately 10 per cell, as
long as selection for a marker gene on the plasmid is
maintained (8, 27, 36, 46, 47). EBNA-1 is the only viral
protein involved in EBV replication (47), and, like the
chromosomes, EBV appears to replicate once per cell cycle
(1).

* Corresponding author.

The structure of oriP consists of two components (3, 23,
27, 36). There is a 21-member family of tandem repeats, each
member being a 30-base-pair sequence with an internal
palindrome. This family of repeats may be involved in
plasmid maintenance and can act as a transcriptional en-
hancer in the presence of EBNA-1 (27, 35). At a distance of
1 kb from the family of repeats lies a region of dyad
symmetry consisting of a 65-bp palindrome overlapping with
four partial copies of the 30-bp repeat. EBNA-1 binds to
each of the repeat sequences (34). Both components of oriP
are required in cis for replication (36). The dyad region is
thought to be the origin of DNA synthesis by analogy to
other characterized origins of replication, which contain
similar palindromic structures (26, 36).

Yates and Camiolo (48) have shown that mutations in
EBNA-1 can inhibit the stable maintenance of EBV vectors
without affecting their replication competence in a transient
assay. These data support the idea that EBNA-1 may play a
role in the nuclear retention of DNA separate from its role in
replication. In other experiments, Reisman et al. (36) pro-
vided evidence consistent with the idea that a nuclear
retention function may exist independently of the replication
activity in EBV vectors and may be dependent on EBNA-1
and the family of repeats in oriP. In the presence of
EBNA-1, the family of repeats alone, without the dyad, does
not permit replication (27, 36). The family of repeats and
EkBNA-l do however, provide for a phenomenon known as
transient drug resistance (35, 36). A population of cells
transfected with a plasmid carrying the family of repeats,
EBNA-l, and a selectable marker will survive drug selection
for 2 to 3 weeks, after which only cells containing the
integrated marker will survive. By contrast, for cells receiv-
ing a plasmid carrying the same marker gene without the
family of repeats, only those few cells with the marker
integrated show any growth throughout the selection period.
This phenomenon of transient drug resistance could be due
to increased expression of the marker gene as a result of the
enhancer activity of the family of repeats (35, 36). Alterna-
tively. it could be caused by prolonged retention of the
transfected DNA, even in the absence of replication, medi-
ated by the EBNA-1-oriP interaction.
We directly demonstrate here the ability of EBNA-1 and
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the family of repeats to retain linked DNA within human
cells. This nuclear retention function interested us as a
potential means of stabilizing introduced human sequences
carrying replication origins. We constructed a replication-
defective EBV vector by removing the dyad region of oriP.
Random pieces of the human genome were then cloned into
the vector, which still possessed the viral sequences respon-
sible for the nuclear retention function. A large collection of
human sequences was isolated that enable this vector to
replicate in human cells in a long-term assay. These human
sequences also replicate in the absence of all viral sequences
when tested in a short-term assay.

MATERIALS AND METHODS

Plasmids. The plasmid p220.2 (8) (a gift of B. Sugden) was
digested with EcoRV and HpaI and recircularized to pro-
duce pDY-. Genomic DNA from human 293S cells was
partially digested with Hindlll and cloned into the unique
HindIII site of pDY- to make the human library, pLIB.
The 0.8-kb EcoRI-HindIII fragment of yeast ARSI from

GARSI(U) (38) (a gift of R. W. Davis and R. J. Sapolsky)
was ligated to pUCR (16), which had been digested partially
with HindlIl and to completion with EcoRI. The resulting
plasmid, pUCR-ARS, was digested completely with HindIII
to give a 0.8-kb fragment containing the ARSI sequences as
well as a pUC19 polylinker, now attached to the EcoRI site
of the yeast DNA. This 0.8-kb HindlIl fragment was cloned
into the unique HindIII site of pDY- to give pDY--ARS.
The 312-bp EcoRIIG fragment of simian virus 40 (SV40)

on EcoRI linkers (31) was cloned into pUCR (16) which had
been completely digested with EcoRI. The resulting plasmid,
pUCR-SV40, was digested to completion with HindlIl to
release a 283-bp fragment containing the SV40 origin as well
as a pUC19 polylinker now attached to the EcoRI site of the
SV40 DNA. This 283-bp HindlIl fragment was cloned into
the unique HindIII site of pDY- to produce pDY--SV40.
The plasmid BLUR8 (37) was digested with BamHI,

releasing a 300-bp Alu fragment, which was then cloned into
the unique BamHI site of pDY- to produce pDY--ALU.
The plasmid pHEBo (47) was digested partially with

EcoRV and completely with HpaI and recircularized.
pBODY is the resulting ligation product missing only the
140-bp EBV dyad-containing region. The plasmid p220.2
was digested with AccI and recircularized to produce
pORI-. The plasmid pJYM (28) was digested with BamHI
and recircularized to produce pML.
The 14-kb HindlIl human fragment from pLIB-16 was

cloned into the unique HindlIl sites of pBODY, pORl-, and
pML to produce pBODY16, pORI-16, and pML16, respec-
tively.
The p220.2, pDY-, pHEBo and pORl- derivatives used in

the experiment shown in Fig. 2 all carry a 5.1-kb genomic
human leukocyte-associated antigen A2 (HLA-A2) HindIll
fragment (24) cloned into their unique HindIll sites.

Tissue culture. The cell line 293S (39) is a suspension-
adapted derivative of the human embryonic kidney cell line
293 (11). Cell line 143 is derived from a human osteosarcoma
(2). All cells were grown in Dulbecco modified Eagle me-
dium with 10% fetal calf serum, penicillin, and streptomycin
in a 10% CO2 incubator. If selection for the hygromycin
resistance gene was appropriate, the media also contained
hygromycin B (Calbiochem-Behring, La Jolla, Calif.) at a
concentration of 200 ,ug/ml.

Transfections. All transfections were done by calcium
phosphate coprecipitation (43) with cells which had been

split 1:10 the day before. Equal molar amounts of plasmid
DNA were transfected for the short-term assay, ranging
from 1 to 5 ,ug/60-mm dish to 2.5 to 12 ,ug/100-mm dish. For
the long-term and DNA retention assays, equal weights of
plasmid DNA were transfected, 10 ,ug/100-mm dish or 2.5
,ug/60-mm dish. The growth medium was replaced 1 day after
transfection. Hygromycin selection, if done, was applied 2 to
5 days after transfection.

Determination of transfection efficiencies. Transfected cells
were removed from plates with phosphate-buffered saline-
EDTA (2 mM). Then 106 cells were stained with a monoclo-
nal anti-HLA-A2 antibody, and then with fluorescein iso-
thiocyanate-conjugated goat anti-mouse antibody (Sigma
Chemical Co., St. Louis, Mo.). The cells were then analyzed
with a fluorescence-activated cell sorter as previously de-
scribed (33).

Blots and hybridization. DNA run on 0.5 to 0.7% agarose
gels was transferred to GeneScreen Plus (Du Pont, NEN
Research Products, Boston, Mass.) with 0.4 M NaOH as the
transfer buffer. Filters were probed with plasmid DNA
labeled with 32P by random-primer extension (9) or nick
translation (29). Hybridization took place for 12 to 18 h at 65
to 67°C in a buffer consisting of 6x SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate), 1% sodium dodecyl
sulfate, 5x Denhardt solution, 100 ,ug of denatured salmon
sperm DNA per ml, and 107 to 108 cpm of probe (100 ng)
(29). Washing was done under the conditions recommended
by the GeneScreen manufacturer. The filters were encased
in Saran Wrap and exposed to XAR-5 film (Eastman Kodak
Co., Rochester, N.Y.).

RESULTS

Nuclear retention ofDNA. To test the hypothesis that EBV
sequences provide a nuclear retention function for plasmid
DNA, we performed a time course experiment involving a
direct hybridization assay for retained DNA. Four plasmids
were used which could map the putative nuclear retention
function to various segments of the EBV replicon. The
plasmid p220.2 (Fig. 1A) contains the complete oriP and
EBNA-1 (8) (a gift of B. Sugden) and is fully replication
competent. The plasmid pDY- is a derivative of p220.2 in
which the region of dyad symmetry in oriP is deleted (Fig.
1B). Therefore, pDY- contains the family of repeats and
EBNA-J, but is defective for replication. In pORI- the entire
oriP region from p220.2 is deleted so that the plasmid
contains only EBNA-J ofEBV and cannot replicate. Finally,
the plasmid pHEBo (47) contains the complete oriP but lacks
EBNA-1 and also does not replicate. The 5.1-kb genomic
sequence encoding the human HLA-A2 cell surface antigen
(24) was added to each of these plasmids. This tag allowed us
to monitor the transfection efficiencies of the plasmids by
using anti-HLA antibodies and fluorescence-activated cell
sorter analysis (33; S. B. Haase, S. S. Heinzel, P. J. Krysan,
and M. P. Calos, Mutat. Res., in press). The HLA gene also
served as a common marker fragment for Southern blot
hybridization.
These four plasmids were transfected into 293S cells by

calcium phosphate coprecipitation. At 72 h after transfec-
tion, cells were removed from plates and samples were
stained with anti-HLA antibody and assayed on the fluores-
cence-activated cell sorter to monitor transfection efficiency.
Transfection efficiencies were similar, with an average of
54% (data not shown). This high transfection efficiency is
normal for 293S cells. The remainder of the cells were
washed, plated at various dilutions, and grown in the ab-
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FIG. 1. Plasmid structures. (A) p220.2 has been described previously (8). It contains the EBNA-1 gene and the complete oriP. The family
of repeats and dyad of oriP are diagrammed. The dyad region is wholly contained between unique EcoRV and HpaI sites, which are indicated.
(B) pDY- was constructed by digestion of p220.2 with EcoRV and HpaI and religation of the blunt ends. pDY- is identical to p220.2, except
that it lacks the dyad symmetry region of oriP. The human library was constructed by ligating a HindIII partial digest of human genomic DNA
to pDY- which had been cut at its unique HindIlI site. (C) pHyg has been described previously (42). It carries the gene for hygromycin
resistance and pBR322 sequences. No EBV sequences are present. Restriction sites: E, EcoRV; H, HindIll; P, Hpal.

sence of selection and without splitting until harvested at
later times. Plasmid DNA was isolated from cells by Hirt
extraction (17) at 4, 9, 15, and 18 days after transfection.
Equal fractions of Hirt extracts were digested with Hindlll
to release their common HLA fragment and MboI to remove
replicated DNA. MboI cuts only DNA which has lost the
bacterial methylation pattern. The samples were then run on
an agarose gel, blotted, and probed with the 5.1-kb HindIll
HLA fragment. The results are shown in Fig. 2. The bands at
5.1 kb represent unreplicated, extrachromosomal DNA re-
maining in the cells at the given time point. Lower-molecu-
lar-size bands represent DNA that replicated in the human
cells, consequently becoming sensitive to digestion with
MboI.
The majority of p220.2 DNA appeared as replicated,

MboI-sensitive DNA by day 15. The appearance of MboI-
sensitive bands in the pDY- samples was indicative of a low
level of replication activity, well below that of p220.2. The
absence of MboI-sensitive bands in the pORl- and pHEBo
samples illustrated their inability to replicate. Band intensi-
ties of the 5.1-kb unreplicated band were compared by
scanning densitometry. At 15 and 18 days there was approx-
imately 10-fold more unreplicated pDY- remaining than
either pORI or pHEBo. These results show that the pro-
longed retention of pDY- can be attributed to the family of
repeats and EBNA-1. That EBNA-1 or oriP alone is not
sufficient for nuclear retention ofDNA was illustrated by the
results with pORl- and pHEBo. Similar experiments with

293S cells in which EBNA-J is expressed in trans from an
integrated position in the genome confirmed that it is the
EBNA-1 protein and not the EBNA-1 DNA sequence that is
required for nuclear retention.
Human library construction and characterization. Our

strategy for isolating human sequences capable of replication
involved utilizing the unique properties of the plasmid
pDY-. As indicated above, the replication-defective pDY-
vector appears to possess a mechanism for the prolonged
nuclear retention of itself within human cells. We hoped to
utilize this property of pDY- to retain autonomously repli-
cating human sequences that in other plasmid contexts
would become integrated or lost over the course of the
selection period in human cells.
The starting plasmid for this work, p220.2 (Fig. 1A),

replicates autonomously in human cells. It contains EBNA-
1, the complete oriP, a gene conferring resistance to hygro-
mycin, and pBR322 sequences (8). The dyad symmetry
region of oriP was removed from p220.2 to produce pDY-
(Fig. 1B). A plasmid library was then created by ligating a

partial HindlIl digest of human genomic DNA into the
unique HindlIl site of pDY-. The resulting library com-
prised at least 10,000 independent human inserts.
The pDY- plasmid library was introduced into human

293S cells (11, 40) by calcium phosphate coprecipitation (43).
As a control, pDY- was also introduced into 293S cells. The
cells were placed under hygromycin selection 2 days after
transfection, and hygromycin-resistant populations were

EBNA-1
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FIG. 2. Retention of DNA. The plasmids p220.2, pDY-, pORI-,
and pHEBo were transfected into 293S cells. At 72 h later the cells
were washed twice in phosphate-buffered saline-EDTA and twice in
warmed medium to remove residual calcium phosphate and DNA
and then plated for harvest at later time points. 250K, 200K, 100K,
and 50K cells were seeded on 60-mm dishes and grown without
selection for harvest at 4, 9, 15, and 18 days, respectively. Low-
molecular-weight DNA was isolated by Hirt extraction (17). One-
third of each Hirt extract was digested with MboI and HindIII and
run on a 0.7% agarose gel. The gel was transferred to a nylon
membrane and probed with a 32P-labeled 5.1-kb HindIII HLA
fragment. The marker lane contains 0.1 ng of HindIll-digested,
HLA-tagged p220.2.

grown. The populations were split 1:5 approximately once

per week. Following 2 months of passage, plasmid DNA was
extracted from the cells by the method of Hirt (17). These
extracts were then treated with DpnI and used to transform
bacteria to determine whether any free plasmid DNA re-

mained in the cells. The enzyme DpnI cuts only DNA which
retains a bacterial modification pattern, which is lost when
DNA replicates in a human cell. The DpnI digestion thereby
ensured that unreplicated input DNA would not be rescued.
Only one bacterial colony was recovered from the pDY-
population, whereas 77 colonies were recovered from the
population which received pDY- containing human se-

quences. This result suggested that pDY- underwent little or
no replication in the human cells but that some of the pDY-
plasmids containing human genomic inserts were replicating.
The plasmids which had replicated in human cells were

called pLIBs, with each human insert being given a number.
The replication behavior of individual pLIB clones is shown
below.
A collection was made of bacterial colonies that had been

transformed by DpnI-resistant plasmid DNA recovered from
the human cell population carrying the human library. To
examine the structure of the human inserts, plasmid DNA
was isolated from each of 400 of these colonies and digested
with HindlIl to release the human sequences. The HindlIl
digests for some of the plasmids are shown in Fig. 3. The
average total insert size was 12.3 kb. The average insert size
in the starting library was 6.3 kb. The collection of plasmids
that emerged from the replication selection was highly
heterogeneous. There appeared to be a large number of
human fragments that could provide for autonomous repli-
cation of the pDY- vector.
Long-term replication. The replication behavior of several

of the individual pLIB clones was examined in more detail.
DNA from each of five pLIB plasmids, as well as pDY- and

FIG. 3. Characterization of human inserts. A set of pLIB plas-
mids (lanes a to i) was digested with HindIII and run on a 0.5%
agarose gel. The plasmids share a common 8.9-kb pDY- vector
fragment. All the other bands represent human DNA. Lanes: a,
pLIB9; b, pLIB13; c, pLIB16; d, pLIB36; e, pLIB41; f, pLIB75; g,
pLIB6; h, pLIB21; i, pLIB136.

p220.2 controls, was reintroduced into 293S cells, and hy-
gromycin selection was carried out. Hygromycin-resistant
cells were harvested 1 and 2 months after transfection.
Plasmid DNA was Hirt extracted, run on an agarose gel
undigested or digested.with MboI, blotted to a filter, and
probed with 32P-labeled p220.2 DNA. MboI cuts only DNA
which has lost its bacterial methylation pattern. Therefore,
sensitivity to this enzyme is diagnostic of replication in
human cells. Each of the pLIB plasmids demonstrated
replication (Fig. 4). However, at this 2-month time point no

pDY- remained. In the absence of replication, the trans-
fected pDY- DNA was presumably diluted to below the
level of detection of this experiment. The undigested lanes
show that p220.2 and the pLIB plasmids existed as extra-
chromosomal circles, while the MboI-digested lanes show
that all of the DNA detectable at this time has replicated in
the human cells and is not residual input DNA. The pLIB
plasmids were variable in the levels of plasmid DNA main-
tained.

Cell line 293S was used for these studies because it
transfects well and expresses introduced DNA efficiently. It
is possible that the adenovirus EJA gene used to immortalize
293S cells makes these cells more permissive for replication
(25). Therefore, we tested the replication of p220.2, pDY-,
pLIB9, and pLIB16 in human cell line 143, an osteosarcoma
cell line not immortalized with EJA (2). These experiments
showed that vector DNA was present several weeks after
transfection and hygromycin selection for p220.2, pLIB9,
and pLIB16, but not pDY-. This DNA was fully MboI
sensitive, indicating replication. This result shows that rep-
lication of the pLIB human library is not confined to 293S
cells and occurs in two widely divergent human cell types.

Short-term replication. We next asked whether the human
inserts could mediate the replication of linked DNA in the
absence of any EBV sequences. The Hindlll human insert
from pLIB16 was moved to the HindlIl site of pML, a

pBR322 derivative lacking EBV sequences (28), producing
pML16. Replication of pML, pML16, pLIB16, and p220.2 in
293S cells was compared in a short-term replication assay
(Fig. 5). Plasmid DNA was extracted from the human cells 4

5.1 Kb -*

VOL. 9, 1989



1030 KRYSAN ET AL.

1 04> CM
X

CL CL

.i
0.

9.-

pLIB Human Library

13 16 36 41 75
-+ -+ 4- + -+

Om ,, 40 a

co

~ a. a. a.

9 kb -*

04
C"4a-

3 a

3 kb -_

2.8 kb -_

FIG. 4. Long-term replication of pLIB plasmids. 293S cells were
transfected with the designated plasmids, placed under hygromycin
selection, and passaged for one (36, 41, 75) or two (pDY-, p220.2,
13, 16) months. The Hirt extract from one-quarter of a 60-mm dish
of cells was run uncut (lanes -) or cut with MboI (lanes +) on a

0.7% agarose gel, blotted, and probed with 32P-labeled p220.2 DNA.
The marker lanes (M) contain 1 ng of uncut (lanes -) and DpnI-cut
(lanes +) p220.2 DNA. No pDY- DNA was detectable after 2
months, whereas replicated DNA was present for p220.2 and all the
pLIB plasmids. The arrow points to the largest (2.8-kb) MboI band,
indicative of replication.

days after transfection, digested with Hindlll and DpnI, run

on an agarose gel, blotted, and probed with 32P-labeled pML
DNA. The HindIII treatment linearized the vectors and
released the human inserts, while DpnI removed unrepli-
cated input DNA. All of the pML DNA was sensitive to
DpnI digestion, indicating that it had not replicated in the
human cells. Replication of pML16, pLIB16, and p220.2
was, however, easily detectable in the form of DpnI-resis-
tant vector DNA. Similar results were obtained when human
insert 9 was placed into pHyg (Fig. 1C), a vector with no
EBV sequences. Vector pHyg showed little replication on its
own but a significant level of replication when linked to
human insert 9 (data not shown). These results argue against
the interpretation that we have cloned sequences similar to
the EBV oriP that interact with EBNA-1 to mediate repli-
cation. Instead, the human inserts we have isolated mediate
replication on their own, in the absence of all EBV se-

quences. They are autonomously replicating.
Control plasmids. To provide a more complete under-

standing of how the pDY- vector allows replicating human
sequences to be stably maintained over time, we constructed
a number of control plasmids. These controls addressed two
main questions: (i) what components of the pDY- vector are
required to allow long-term replication of linked human
sequences, and (ii) what types of insert sequences allow the
DY- vector to replicate.
The two viral components of the pDY- vector are the

EBV family of repeats and EBNA-I . Three new vectors were
enlisted to determine which, if any, of these viral sequences
were needed to allow long-term replication of a linked

FIG. 5. Transient replication of human insert 16. 293S cells were
transfected with the designated plasmids and grown for 4 days.
One-third of the Hirt extract from a 60-mm dish of cells was run in
each lane of the gel, blotted, and probed as described in the text.
The markers are 0.5 ng of pML and 2.5 ng of p220.2 linearized with
HindIII (lanes Ml and M2, respectively). The test plasmids were
digested with HindIII to release their human inserts and/or linearize
them and with DpnI to remove unreplicated input DNA. The
hybridization probe was pML. A substantial amount of DpnI-
resistant DNA is present for pML16, pLIB16, and p220.2, indicating
replication. All of the pML DNA is sensitive to DpnI, indicating lack
of replication. The positions of the pML (3.0 kb) and p220.2 (8.9 kb)
vector bands are indicated.

human sequence. The plasmid pBODY is essentially pDY-
without EBNA-I . pORI- is pDY- without the EBV family of
repeats, and pHyg (Fig. 1C) is a plasmid with no EBV
sequences at all. The human insert from pLIB16 was moved
into each of these vectors, giving pBODY16, pORI-16, and
pHyg16. These plasmids were tested for short- and long-
term replication ability as described above. All three vectors
carrying human insert 16 were unable to persist as autono-
mously replicating plasmids in the long-term assay (Table 1).
We have shown, however, that human insert 16 does repli-
cate long term in the pDY- context. These results indicated
that both the EBV family of repeats and EBNA-) are
required to allow autonomously replicating human se-
quences to be stably maintained as extrachromosomal mol-
ecules over time. Although none of these control plasmids
supported long-term replication, in all cases the plasmid
linked to human insert 16 demonstrated replication in the
short-term assay, verifying that the replication activity is due
to the human sequence. It should be noted that the same
sequences found to be required for long-term replication, the
family of repeats and EBNA-1, were also those shown above
to be required for the nuclear retention of DNA.
The second group of controls focused on the pDY-

vector. We attempted to substitute the replication activity of
the human inserts in pDY- with previously defined se-
quences potentially involved with human replication. Yeast
ARSI, a copy of the human Alu repeat, and the SV40 origin
of replication were all cloned into pDY- and tested for
long-term replication as above. Yeast ARSI and human Alu
were tested in both orientations. Yeast ARSI is one of the
best-characterized autonomously replicating sequences iso-
lated from Saccharomyces cerevisiae (38, 44). If origins of
replication were completely conserved among eucaryotes,

MOL. CELL. BIOL.
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TABLE 1. Replication assay

EBV sequences'
Replication"

Plasmid oriP Human Origin
EBNA insert" substitute

Family Dyad Short- Long-
term term

p220.2 + +
pDY- v _
pLIB16 + +
pORI-- -
pORI-16 + -
pBODY - -
pBODY16 + -
pHyg
pHygl6 + -
pDY--ARS Yeast

ARSI
pDY--ALU , Human Alii
pDY--SV40 SV40 - -

origin

"Check marks indicate which EBV sequences are present on each plasmid.
EBNA, Gene coding for EBNA-1: family. family of repeats from oriP: dyad.
dyad region from oriP.

h Human insert refers to the autonomously replicating human sequence
from pLIB16.

' given plasmid replicated in the specified assay (short- and/or long-
term): -. the plasmid did not replicate.

d pDY- shows a low level of background replication in transient assays.

they might be expected to replicate in our assay in human
cells. The 300-bp Al/t sequences which are highly repeated
and dispersed within the genome have often been suggested
to function as origins of replication (22). We wanted to test
whether an Alit sequence could activate the replication of
pDY-. The SV40 origin was tested because it contains a
palindrome (26), and we wanted to learn whether replacing
the dyad of oriP with another sequence that could assume a
dyad conformation could restore replication ability to
pDY-. None of these sequences allowed the linked pDY-
vector to replicate in the long-term assay (Table 1). From
this experiment we concluded that the human inserts we
isolated by using the pDY- vector are either more complex
than or completely different from the yeast ARSI, human
Alit, and SV40 origin sequences tested.

DISCUSSION

The strategy of utilizing a plasmid carrying a defective
viral origin of replication was successful in isolating compo-
nents of human chromosomes which replicate autonomously
in human cells. The EBV family of repeats and EBNA-1
appear to be required for the long-term establishment of the
human sequences isolated in this study (Table 1). The time
course experiment in Fig. 2 suggests that EBNA-1 and oriP
enable linked DNA to be retained as plasmids for a pro-
longed period intracellularly, presumably in the nucleus.
even if the DNA is unable to replicate. We hypothesize that
via specific binding of EBNA-1 to its binding sites in o?iP
and nonspecific binding to chromatin, EBNA-1 can mediate
the association of oriP-bearing plasmids with the chromo-
somes. It is known that EBNA-1 binds tightly to the family
of repeats and has nonspecific DNA-binding activity (34).
Furthermore, EBNA-1 can form complexes which have
been demonstrated to cross-link separate pieces of DNA
containing EBNA-1-binding sites (30). Alternatively, tight
binding of o?iP to the nuclear protein EBNA-1 might itself
assist in nuclear localization of linked sequences. In either

case, the net result would be a tendency for plasmids bearing
EBNA-1 and its binding sites to be retained in the nucleus,
whereas plasmids lacking such signals would be lost, either
during the breakdown of the nuclear membrane at mitosis or
through nuclear pores during interphase.
Such a mechanism for nuclear retention of DNA contrasts

with that used by replication origins located on native
chromosomes. In this case, large chromosome size and
linkage to a centromere ensure that loss will be rare. EBV
itself may use EBNA-1 and oriP as elements in its stable
retention. It has been observed that EBNA-1 is found
associated with metaphase chromosomes (12) and that EBV
genomes are tightly but noncovalently associated with es-
sentially all human chromosomes (13).
The presence of a putative EBV DNA retention function

would explain the transient resistance phenomenon ob-
served by Reisman et al. (36). It also appears to be respon-
sible for our ability to isolate human sequences in a func-
tional assay for replication. The absence of a mechanism for
DNA retention probably explains why these sequences did
not emerge in previous attempts (see, e.g., reference 4) to
clone origins of replication from mammalian cells. The
inability to clone these sequences cannot be accounted for
by the rarity of origins. Fiber autoradiography studies indi-
cate that mammalian origins are likely to be spaced 15 to 500
kb apart (20). Since the human genome contains 6.6 x 106 kb
of DNA, at least 104 origins are expected. Our studies show
that even vectors carrying sequences capable of replication
will not be scored as autonomously replicating plasmids in a
long-term assay in the absence of a nuclear retention func-
tion. Instead, such plasmids will either become integrated in
the genome or be lost. Although they are highly unstable,
ARS plasmids in S. cereveisiae are maintained sufficiently to
be scored as autonomously replicating plasmids, perhaps
because of the lack of nuclear membrane breakdown at
mitosis in S. ceres'isiae.
The need for a nuclear retention function to score repli-

cation in a long-term (1- to 2-month) assay left open the
possibility that our human sequences alone were insufficient
to mediate replication. However, experiments involving a
short-term assay showed that the human inserts we isolated
mediate replication even in the context of vectors lacking all
viral sequences. These experiments show that the human
inserts are necessary and sufficient for autonomous replica-
tion.

That our library of human inserts with replication activity
is large and heterogeneous is expected on the basis of the
large number of origins present in the human genome.
Origins of replication in Escherichia c oli and S. cerei'isiae
involve several hundred base pairs or less (44, 45). Our
rescue of fragments averaging 12 kb from a starting input
library with inserts of 6 kb may mean that more than several
hundred base pairs are involved in origin function in mam-
malian cells. Large origins may reflect the need for multiple
signals dispersed over a large area (38). Such signals may be
directly involved in replication or they may be involved in
other functions that affect replication.
We obtained negative results when the yeast ARSI se-

quence and a human Ali/ repeat were tested for replication in
our assay. This result argues that these sequences are not
recognized as origins of replication in human cells. How-
ever, this conclusion must be qualified by the proviso that
the small size of the fragments tested (300 and 800 bp,
respectively) or some other limitation of the assay may have
prevented a positive result.
Our results should be compared with other efforts to
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isolate chromosomal origins of replication from mammalian
cells. These attempts involved either the isolation of one
origin made accessible by fortuitous circumstances (7, 15) or
the development of assays that would isolate a large set of
origin fragments (18, 49). In the former category are attempts
to localize the origin of replication thought to be in the
amplification unit containing the gene for dihydrofolate
reductase (DHFR). Time course experiments measuring the
incorporation of radioactive nucleotides into restriction frag-
ments have localized a putative origin to a 4.3-kb fragment
located 14 kb downstream of DHFR in Chinese hamster
ovary cells containing amplified DHFR genes (6, 15). How-
ever, replication of this fragment when reintroduced into
CHO cells has not been demonstrated.

In the absence of a genetic assay for origin isolation,
biochemical assays were developed with the goal of isolation
of nascent DNA fragments, which should include replication
origins (49). Some of the monkey sequences isolated by such
methods appear to show replication activity above back-
ground when reintroduced into mammalian cells in a short-
term assay (10). However, long-term replication has not
been demonstrated.

Unlike previous studies, the human sequences isolated in
our work clearly mediate both transient replication when
reintroduced into human cells and long-term replication
when linked to EBNA-J and the family of repeats from oriP.
We see a relatively stable copy number of approximately 1 to
50 per cell, similar to or less than the copy number observed
for wild-type EBV vectors and consistent with replication
once (or less) per cell cycle.
We have developed a novel strategy for the isolation of

human sequences which replicate autonomously in human
cells. Future studies will investigate the nature of these
sequences. Density-labeling experiments will address
whether our sequences replicate once per cell cycle and
whether they retain a specific time of replication within the
DNA synthesis period of the cell cycle, as has been demon-
strated for many chromosomal replicons (14). A novel two-
dimensional gel technique (5, 21, 32) may permit us to map
the point where replication initiates to within our human
sequences. In addition, subcloning and sequence analysis of
the human inserts, as well as hybridization studies between
them and the chromosomes, should help clarify the relation-
ship, if any, between the sequences we have isolated and
chromosomal origins of replication.
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